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Yo M STUDY OF YBa,0u,0, ,

M. TAKIGAWA, P. C. HAGMEL, R. H. HEFFNER, 2. FISK. K. C. OTT AND J. D. THONPSON

LOS ALAMOS MATIONAL LABORATORY, LOS ALANOS, NEW MEXTCD 87545

We present our l7() MR eperimental results in a magnetically aligned powder sample of
mn2c>;30.,_6 (Tc = 85 K). The sign of the anisotropic Knight shift shows that the spin density

resides mminly on the Py orbitals at the planar 0(2,3) and bridging O(4) sites. About 30 X of
the total spin susceptibility is attributed to the oxygen 2po states. The Knight shift at the

0(2.3) sites decreases more rapidly cthan that at the chain O(1) s 'tes, indicating a larger gap
in the planes. The nuclear relsxation rate at the 0(2,3) sites shows lirear-T (Korringa)
behavior above Tc' in cantrast to the much vesker temperature dependence at thc planar Qu(2)

sites. Howaver, thesa two rates show fdentical temperature dependence belov about 110 K,
indjcating that an fmportant casnge in the spin dynasica takes place above Tc'

1. INTRODUCTIONM

In the high Te supsrconducting copper oxides,
ths sagnetic interaction betwean Cu d-holes and
oxygen p-holes bhan been considered to be a key

fssue. The rapii reduction of the Knight -hinl

and the nuclear relaxnation ru.o2 below Tc at the
Qu sites in ra.,mao.,_b clearly indicates that a
SAp appsars in the spin axcitations of the Cu
d-hole system 1L the superconducting state.
Since R 18 & site specific probe, i1t s highly
desirable to perfors detailed cxygen MR studies
to oompare vith the Cu results. In this paper

ve describe the results of "0 TR experiments
12 a magnetically aligned yowder smmple of fully
oxygenatad Yh’m:tl,_o (T° = 83 k). The method
for the isotope wxchange and magnetic alignsent
as well as the details of the WR wperiments

are described in earlter pab“nuam.s"

2. MR SPECTEUN AND XNIGHT SHIFTS

Fig. i shows the "OMI spectrum at 160 K
obtained by sweeping the aprlied magnetic field
along the ¢c~exis at a fined 1OR frequency (48.8
MHz). The technique of amgnetic a)ignment

allowed us to obtain wel)l separated resonance
l1ines for the inequivalent axygen sites, as
shown tn Fig. 1. The assignment of these
resonance lines to different oxygen sites and
the procedures to deduce the principal
componants of the electric field gradient (EFG)
and the Knight shift (K) tensors are desribed in

dewail in ref. 3.
The cowpenents of the EFC and K along the a-

and b- axes were determined fror spectira with
the field applied perpendicular te the c-sxis.
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Figure 1. 170 10m spactrum at 160 K and 49 8 Hir
vith the magnetic field along ths c-axis Each
plece of the spectrus was taken with dufferent
galn as showii under the spectrun
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Figure 2. Temperature dependences of the Knight ghift at all oxygen sites #ith msgnetic field

applied perpendicular to the c-axis.

A) Circlas derote rav dats and triang!es represent data

corrected for diammgnetiss. Data for O(l) sites were taken with field mlong direction of

largest EFC. most likely the b-axis.
Circles and triangles:

The O(4) data are shown for two field orifentations. B)
O(2) datn corrected and uncorrected for diamagnetiem' diamonds and

squares O(3) data corrected and uncorrected for diamugnetiss. O(2) and O(3) overlap at low

T(K).
Solid line 1e the Yosida function.
experimental Knight shift at 0(2.3).
for weak coupling BCS model.

Al though wve cannct assign thess components s
priori to either the a or b axis, detailed
analysis of the EFC tensor at the planar 0(2)
and O(3) sites shows that the largest component
of the EFG ocorresponde to the Cu-O bond
direction. 1.e. the a-axis for 0(2) and the

b-axis for 0(3).:"5 Based on this analysis, the
larger compoment of K at 0(2.3) in the ab-plane
is also aseigned to tha Qu-O bond direction.

The observed Knight shift 1s the sum of the
opin and orbital contributions K » K. . Korb‘
lorb' which 1s expected t0 be temperature in-
dependent, ie determined from the residual
Knight ahift at low temperatures belov Tc'

u-\ulu' that K. vanishes due to singlet spin
pairing.

The temperature dependence of I(. in the
superconducting state ales yielde important
information about the uagnitude and the symmetry
of the gap. Fig. 2 A). B) show the temperature
dependence of K and K, for all oxygen sites.

C) Normalized spin Knight shift at O{1) (squares) and 0(2,3) (|| Cu-O bond. triangles).
Inset shows value of isotropic gap determined from the
Solid lins shows calculated gap tesmperazture dependcnce

Because the NMR spect:a were taken in the vortex
sate, we need to make corrections for the field
produced by the diamagnetic scresning current in
order to de.ermine K. as hrs been done in the Qu

Knight shift study.! The details of this
cor-ection will be described elsevhere. Ve
discuss the *emperature dependence of X only
with the H . ¢ data since the diamsgnetic
magnetization ¢s much smaller for this direction
(l':-' H.‘b). Therefore. possible errors iIn
tiase correctiions are 'mm'l.

The most remarimable featurs of this data 1s
that the 0(2.3) and 0(1) sites show different
K at the 0(2.3)
sites decresses much more rapidly below Tc than
at O(1). Tue difference is shown more clearly
in ths normalized K.(T)/'K'(Tc) ve. 1'frc plot
shown in Fig. 2 C). The O(1) result is well

temperature dependences of K.

explained by the Yostda functicn e for the weak
ooupling BCS model (4(0) = 1.7¢ H‘c).
rapid decreuse of K.(T)/K.(Tc) et the 0(2.3)

The more



sites is naturally explained by a larger gap.
Similar data for Kc at 0(2,3) bas been reported

by Horva.ic et -l.7 The magnttude of the gap is
estimated from the experizental data of
K'(T)/K.(Tc) at each tesperature assuming an
isotropic gnp and 13 plotted in th® inset of
Fig. 2 C). The zero temerature value of the gap
in this mode] appears to be around 2.5k3Tc

l(. and Kb at 0(2.3) show similar temperature
dependence and there is no clear indication of
linear-T dependeice at lov tesperaturs nas was

found in the Cu{2) Kright lhlft.l As reported

in a separate pure Cu(2) shows large anomalous
line widths when the field is applied perpen-
dicular to the c-mxis. Since we do not
understand the reason for this large line width,
it is not clear whether th- tewperature
variation of tle pesk ficld of the resonance is
entirely associated with changes of the spin
susceptibility. .

A larger energy gap for the spin excitations
in the pianes than in the chains is also

inferred from the Cu relxation nto.2 It will
be important to take these differences into
occount when coaparing values of the gap
cbtaired from various axperimental sethods.

Ve now turn to diecuss l(. in the norml
state. At the 0(2.3) sites, K, 1s axial syn-
metric around the QO bond direction and larger
along this direction. The anisotropic part of
I:. ie associated vith the dipolar field frow the
spin demaity on the cxygen 2p orbitais. The
chaerved sign of the anisotropy of K. )
fmmdiately leads to the conclusion that the
spin density at tha 0(2,3) sites minly resides
on the P, orbitals which bave lobes along the
O bord axis. The same argument epplies for
the bridging O(4) sites which ahow almost zero
K' in thr ab-plane mnd positive K. along the
c-axis (0.060X). We therefore conclude that the
spin density at 0(4) resides on the Po orbitalm
axtending aloug the e—axis.

The chain O(1) sites. however, show nearly
isotropic K‘ (0.1 X) and very large Kgrb (0.13
X). The large difrerence in the symmet'y and
the magnitude of K' and xorb between the C/1)
and the O(4) sites is in contrast to the
cimilarity of the 0(2) and O(3) Knight shifts
(except for the different symmetry axes) This
fect indicates that the planes and chains have
quite different electronic structure in spite of
the similarity of the four-fold oxygen
coodination around eack Cu.

The local spin susceptibility associated with
these oaygen 2p states c#n be estimated from the
anisotropy of K.. using the appropiate hyper{ine

coupling constant A2p- (2/5)ua<r'3> = 9liOe/puy
(70 % of the free aton value®). We obtain X1

= 1.7 x 1079, X py = 11 1075 (emv/mole atom)
for the 0(2.3) and O(4) sites, respectively.

The local P, PN susceptibility on the oxygen
sites accounts for about 30 X of the total spin
susceptibility, nsglecting the contritution from
the chain O(1) sites. This indicates that the
dominant part (70 X) of the spin susceptibility
1s associated with Cu d-states.

3. NUCLEAR SPIN RELAXATION RATES

While the Knight shiit provi'es a measure of
the static spin susceptibility, the nuclear
reluxation rate (A/Tl) is detersined by the low
frequency spin fluctuations. The temperature
dependences of l/'!‘l at the 0(2.3) and Cu(2)
sites are shown in Fig. 3 l/T1 at 0(2.3)
follows the Korringa relstion (TIT = const.)
above Tc with a only slightly enhanced value of

(TIT I(.z)-l (about 1.4 times the Korringa value

'N‘B"Nzl unz). in strong contrast to the weaker
temerature dependence and greatly enhanced velue
of lfrl at Qu{2). The most etriking result s
the: these two sites show an fdentical
towparature dependence of l/l'l below about 110
K. i{n spite of large differences in magnitude
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Figure 3. Temperature dependence of 1/'[1 at the

0(2,3) (solid dots) and the Cu(?) (crosses)
sites.

The implication of these results are discussed

in detail in separate p-perl."w We summrize
the important points here. The different
temperature depsndences of lﬂ'l at high
temperature can be explained tf the spin
dynamics of the itinerant oxygen p-holes,
rasponsible for the Kovringa bshavior of oxygen

1/T,. ts different from tha: of Cu d-holes. 112

The large Ou(2) enhancement of 1/{T,T KG) over
the Korringa velue implies an enhancemcnt of the
dyntmical susceptibilicy x"(q.w)/w of Cu d~hoies
at large q. which must be temperature dependent
in order to be consistent with the weak
temperacure dependence of 1/T, (aT E
x“(q.oo)/uo‘;. These twe spin systems becowme
strongly coupled besiow 110 K, as {mplied by the
same temperaturs dependency of the two
relaztion rates.

The Qu d-snins could alse relax the oxygen
wclei through the transferred hyperfin:
interaction. The antiferromsgnetic fluctuations
of Cu d-spins do not couple to the oxygen nucle!
because of the symmstric position of 0(2,3),

however. Therefore. the gmall q perts of the
dynamical susceptibility, which will be weakly
temperature dependent. smy dominate the oxygen
relaxation rate, giving & Korringa-like
behavior. Thus the different temperature
dependences of the .wo relaxation rates above
110 K may not rule out the possibility of a

single dand picture. 13

4. OONCLUDING REMARKS
The single band and the two band pictures

mentioned above also have different consequenses
for the fractiona! spin susceptibility of the

oxygen 2p-states. In the single band pictuie,
the it! verant oxygen p-holes are tightly coupled
to neighboring Qv d-spins to form local singlet

13

states. In this case. the observed oxygen 2p

spin density sust Le entirely due to the
covalency effect. UYe would then expect the same
(30 X) fractional spin density in the oxygen
deficient insulating mmterials. On the other
hand, the oxygen p-holes and Cu d-spins
contribute independeritly to the spin

suscep.ibility in the two-band picture In this

case, the {fraction of oxygen 2p spin
susceptibility 1is expected to be much smaller in
the fnsulating systems. This would provide a
crucial check whether the single- or two-band
description is appropriate.

REFERENCES

1. M.Takigawa et al., Phys. Rev. B39 (1989)
n
2. W.W.Varren, Jr. et al., Phys Rev. Lett. 59
(1987) 1860.
M. Takigcwa et al., to be published.
P.C.Hammel et al., to be publiished.
F.J.Adrian, private communication.
K.Yosida, Phys. Rev. 110 (1958) 769
M.Horvatic et al., preprint.
M.Takigawa ot al., this vclume
J.S.M.Harvey, Proc. Roy. Soc. AR (1965)
581.
10.P.C Hammel et al ., this volume.
11 .H.Monion, D.Pines and C.P.Slichter, preprint
12.V.J) Emery and G Reliter, Phys Rev. B38 (198#)
4547,
13 F.C.Zhang and T .M .Rice, Phys. Kkev B3 (1988)
37%9.



